Although fertilization has been described as a series of events during which the spermatozoon penetrates the oocyte, introducing its nuclear contents, there is strong evidence that either gamete can be the active partner at different stages of this process. Indeed, while sperm motility is essential for its penetration of the egg vestments, immotile spermatozoa are capable of entering the ooplasm once they adhere to the oolemma. Entry of the spermatozoon into the oocyte appears to require two distinct but perhaps related events, namely gamete cell membrane fusion, at the level of the equatorial segment of the sperm acrosome with the oolemma, and a quasi-phagocytic event involving the incorporation by the oocyte of the rostral portion of the acrosomereacted spermatozoon head within an oolemmalderived vesicle. This review explores the biology of phagocytosis by macrophages and non-professional phagocytes, and in particular the roles played by phagocytosis-promoting receptors (FcgR, complement receptors and integrins), in both signal transduction and their linkage with the cytoskeleton. It asks whether the oocyte might not utilize similar mechanisms during its incorporation of the spermatozoon.
"...observing the life within the mobile cells of a transparent starfish larva, it struck me that similar cells might serve in the defence of the organism against intruders. If my supposition was true, a splinter introduced into the body of a starfish larva, devoid of blood vessels or of a nervous system, should soon be surrounded by mobile cells as is to be observed in a man who runs a splinter into his finger. This was no sooner said than done. That experiment formed the basis of the phagocytic theory..." (Metchnikoff, 1992) 
Fertilization bears morphological similarity to phagocytosis
The process of fertilization in mammals consists of a series of discrete steps, each of which appear to involve the interaction of specific gamete receptors with their ligands. At the level of the zona pellucida, the acellular coat that surrounds the mammalian oocyte, spermatozoa initially bind to a species-specific ligand, before zona penetration (Wasserman, 1990) . This binding triggers, through the mediation of G proteins, the fusion of the sperm plasma membrane with the outer acrosomal membrane, and the release of acrosomal contents, a process termed the acrosome reaction (Leyton and Saling, 1989; Kopf and Wilde, 1990) . Only acrosome-reacted spermatozoa can penetrate the zona pellucida, enter the perivitelline space, adhere to the oolemma, and fuse with the egg plasma membrane (Yanagimachi, 1994) .
Once gamete membrane fusion takes place, sperm tail beating stops (Yanagimachi, 1988) . Hence, sperm motion is not required for incorporation of the spermatozoon head into the egg. That this appears to be the case in humans has been suggested by our own unpublished experiments, in which spermatozoa immobilized with sperm tail-directed antisperm antibodies and complement were found capable of penetrating zona-free hamster eggs in vitro. Further supporting evidence that sperm motility is not required for sperm entrance of the human egg has been obtained through observations at the time of clinical laboratory assisted reproduction. Fertilization has been documented following the injection of non-motile spermatozoa from men with dynein arm abnormalities into the perivitelline space (Wolf et al., 1993) . Hence, while motility is essential for sperm penetration of the egg vestments, the oocyte becomes the active partner once the spermatozoon has penetrated the zona pellucida, entered the perivitelline space, and adhered to the oolemma.
The molecular processes whereby capacitated, acrosome-reacted spermatozoa adhere to eggs, undergo gamete membrane fusion, and enter the cortical ooplasm remain unknown. Ultrastructural analysis indicates that these events involve different regions of the acrosomereacted spermatozoon and that the process of sperm incorporation by the oocyte is quasi-phagocytic in appearance Bedford and Cooper, 1978; Yanagimachi and Noda, 1978; Sathananthan and Chen, 1986) . Gamete membrane fusion takes place at the equatorial segment of the acrosome, while the rostral portion of the acrosome-reacted sperm head (limited by the inner acrosomal membrane) is incorporated in an oolemmal-derived vesicle (Figure 1) .
We have used a 'stop-fix' technique to study gamete interactions at the level of the oolemma by scanning electron microscopy (SEM) (Bronson et al., 1990a) . Individual zona-free hamster eggs were washed out of a suspension of capacitated human spermatozoa immediately after gamete binding, further incubated in sperm-free medium, and fixed at intervals. In this manner, a limited number of spermatozoa adherent to the oolemma could be observed serially. Scanning electron micrographs obtained at the time of sperm entry of the oocyte, as determined by acridine orange staining of whole mounts, revealed an apparent elongation of oolemmal microvilli over the equatorial segment of the acrosome, as these spermatozoa appeared to sink into the cortical ooplasm (Figure 2 ). While we observed that elongation of oolemmal microvilli occurred around the individual spermatozoon, the oolemma in proximity of other neighbouring spermatozoa on the egg surface did not exhibit these ultrastructural changes. These neighbouring spermatozoa adherent to the egg that failed to evoke oolemmal alterations did not enter Bedford and Cooper (1978) with permission.] the ooplasm. These observations suggest that sperm incorporation by the oocyte involves local gamete membrane interactions on the egg surface and bears certain morphological similarities to events observed during phagocytosis of target particles by macrophages.
Phagocytosis-promoting receptors
Macrophages, as well as other phagocytic cells, possess receptors for IgG, complement, lipopolysaccharide, simple (a-c) Examples of human spermatozoa being incorporated adherent to the oolemma of zona-free hamster eggs, as observed by scanning electron microscopy. Apparent elongation of oolemmal microvilli is noted, especially over the equatorial segment of the sperm acrosome and post-acrosomal regions of these spermatozoa. The oolemma in the region of neighbouring spermatozoa did not exhibit these changes. Scale bars = 1 µm. [Reproduced from Bronson et al. (1990a) with permission.] and complex saccharides, as well as integrins of the β 1 , β 2 and β 3 families (Moser, 1994) . Three classes of receptors for the Fc portion of IgG (FcγR I-III ) have been identified, which mediate a wide variety of functions (Ravetch and Kinet, 1991) . These include stimulation of the release of inflammatory mediators such as prostaglandins and leukotrienes, the transcription of genes encoding cytokines, antibody-dependent cellular toxicity, as well as the promotion of phagocytosis. Cross-linking of FcγR II with antibodies can result in Ca 2+ fluxes, superoxide generation and degranulation of neutrophils. Evidence has been presented (see below) that the cytoplasmic domains of Fcγ receptors play a role in transducing phagocytic signals to cells (Ravetch, 1994; Daeron, 1997) . Fcγ receptors that trigger cell activation following their aggregation (e.g. FcγR I-II ) possess one or more tyrosine activation motifs (TAM), which resemble those of B-and T-cell receptor transduction subunits. In contrast, FcγR that do not trigger cell activation, such as human FcγR IIIB, lack an activation motif and do not promote transmembrane signals themselves. However, they may do so by associating with other Fcγ receptors.
Of the complement proteins, C3 is present in the highest concentration in serum. It is of pivotal importance in the opsonization of target particles, as well as in both the classic and alternative pathways of complement activation (Muller-Eberhardt and Schreiber, 1980) . The role of C3 fragments and their receptors in promoting phagocytosis has been extensively reviewed (Fearon, 1984; Ross and Medof, 1985; Brown, 1991) . Five cleavage fragments derived from C3 can bind to four different receptors (CR1-4) on leukocytes. Following complement activation, C3b fragments formed following the initial cleavage of fluid phase C3 are able to bind transiently and covalently to cell surfaces by a transacylation reaction involving an internal thiolester of the α peptide, in a reaction independent of C3 receptors. Cell surface-bound C3b molecules and their products are then able to interact with C3 receptors. The primary function of CR1 on neutrophils and monocytes is to mediate the endocytosis of soluble complexes and particles to which C3b has bound covalently. While early studies identified a role of CR1 in synergistically enhancing phagocytosis mediated by Fc receptors, CR1 has subsequently been shown to exist in an active state in which these receptors promote phagocytosis, and an inactive state in which they do not.
Circulating neutrophils and monocytes express an average of 5000 CR1 per cell, but stimulation of these cells with chemotactic agents causes their increased expression to as many as 50 000 receptors per cell. CR1 mediate the attachment of C3b-coated erythrocytes to circulating human monocytes, without their subsequent ingestion. Treatment of these cells with phorbol esters, however, renders them capable of phagocytosis of C3b-coated erythrocytes (Wright and Silverstein, 1982) . C3 receptors on resident murine peritoneal macrophages similarly do not promote phagocytosis of target particles, unless incubated with a specific lymphokine (Griffen, 1987) . Newman et al. (1980) have shown that whereas IgG-coated erythrocytes are bound and phagocytized by circulating human monocytes, they form rosettes with C3-coated erythrocytes but do not ingest them. Following 1 week in culture, however, monocyte-derived macrophages develop the ability to ingest C3-coated erythrocytes. Substrate-bound fibronectin also causes a marked increase in C3 receptor activity (Wright et al., 1983) . Human monocytes that have been spread on HSA-coated plastic readily ingest erythrocytes coated with IgG, but very small numbers of erythrocytes coated with C3b or iC3b, different proteolytic fragments of C3 (Fearon, 1984) . In contrast, they are phagocytozed efficiently by monocytes that have been incubated on plates coated with fibronectin.
The role of C1q receptors in phagocytosis
Leukocytes have also been shown to possess receptors for C1q. C1 is a macromolecular complex composed of three different subunits, C1q, C1r and C1s. The C1q molecule is a high-molecular weight protein (460 kDA) composed of six peripheral globular heads joined by a connecting strand to a fibril portion. The fibrils and central portion have a collagen-like structure, and each globular head possesses a binding site for the Fc portion of immunoglobulins (Cooper, 1985) . During activation of the classical pathway of complement, C1q functions as a recognition unit by virtue of its ability to bind to particle-bound IgG or IgM through its globular heads. Immune complex-associated C1q then undergoes a conformational change that induces the autocatalytic conversion of C1r to a fully active enzyme, leading to the activation of C1.
In addition to its role in the classical complement pathway, C1q plays a role in phagocytic events, cooperating with anti-target antibodies, or with its receptors (Ghebrehiwet, 1989) . Three distinct cell surface receptors which bind human C1q (C1q-R) have been described. cC1q-R is a 50 kDA glycoprotein that binds to the 'collagen-like' region of C1q and shares a very high degree of homology with calreticulin (Malhotra et al., 1993) . A second C1q-binding protein (gC1q-R) was isolated from Raji cells and found to bind to the globular heads of C1q (Ghebrehiwet et al., 1994) . The cC1q-R and gC1q-R molecules appear to be co-expressed on many types of cells including B and T lymphocytes, polymorphonuclear leukocytes (PMN) and platelets. An additional molecule which binds to the collagen-like domain of C1q has been described that is a 126 kDa protein and appears to be unique to monocytes and PMN.
The interaction of C1q with its receptors triggers a variety of cellular responses suspected to involve signalling pathways (Ghebrehiwet and Peerschke, 1993) . These include the release of inositol-1,4,5-triphosphate from platelets and their expression of the integrin αIIb/β 3 . C1q, when bound to target particles, enhances their ingestion by C3b/iC3b-coated monocytes adherent to fibronectin (Sorvillo et al., 1986) . In addition, in the absence of fibronectin, FcγR-and CR1-mediated phagocytosis can be enhanced when monocytes were placed on a C1q-coated surface (Guan et al., 1991) . Evidence has also been presented that C1q plays a role in the phagocytosis of the facultative intracellular pathogen Listeria monocytogenes (Alvarez-Dominguez et al., 1993) . Griffen and Silverberg (1974) have proposed a 'zipper model' of phagocytosis (Swanson and Baer, 1995) following studies of the ingestion of erythrocytes by mouse macrophages meditated by Fc and complement receptors. The uptake of particles by phagocytes can be separated experimentally into an attachment phase and to an ingestion phase. Since immunoglobulin molecules lacking the Fc fragment do not stimulate phagocytosis, mouse erythrocytes (RBC) labelled with F(ab) 2 fragments were used to link them to macrophages. These RBC were attached to a functionally active macrophage membrane, since they were ingested when intact rabbit anti-mouse RBC were added to the medium. Phagocytosis of both latex particles and opsonized pneumococci, however, did not stimulate the ingestion of membrane-attached RBC. Hence, ingestion of one particle did not trigger generalized phagocytosis of all particles attached ( Figure 3 ). This observation implied that the phagocytic stimulus was confined to the segment of the cell's plasma membrane immediately adjacent to the particle being ingested. These results are reminiscent of our previous SEM observations (Figure 2 ) of sperm incorporation on the oocyte surface (Bronson et al., 1990a) . Griffen et al. (1975) also showed that completion of the phagocytic process required recruitment of receptors other than those initially involved in erythrocyte binding. Cleavage of C3b molecules outside the attachment zone by mild trypsinization of immunologically attached RBC prevented their incorporation. These observations suggest that the mechanism of phagocytosis by macrophages resembles a zipper, in that phagocytosis will occur only if macrophage membrane receptors can bind to ligands throughout the surface of the RBC ( Figure  4) . Phagocytosis mediated by complement versus by Fc receptors was observed to be morphologically different. Phagocytosis of IgG-coated erythrocytes occurred by an active protrusion of closely adherent pseudopods over the particle. Complement-coated RBC entered the macrophage by sinking into the cell. In both cases, however, phagocytosis by mouse macrophages of these opsonized RBC was locally controlled.
The mechanism of phagocytosis
The entry of a particle into a cell by phagocytosis is associated with reorganization of the cytoskeleton underlying the region of plasma membrane that contacts the particle. This process, which has recently been reviewed by Greenberg (1995) , is initiated by signals arising from the interaction of receptors on the cell membrane of phagocytes that mediate the binding and ingestion of particles (e.g. FcγR, the complement receptors CR1 and CR3, and the integrin α v β 3 ) with ligands on the surface of the particle. The general scheme proposed for T-and B-cell receptor signalling also appears to be true for Fcγ receptors (Weiss and Littman, 1994) . The cytoplasmic domains of FcγR I and FcγR II contain tyrosine-activation motifs (TAM) found in a consensus sequence of other receptors that transduce signals via interaction with tyrosine kinases (Samuelson and Klausner, 1992) . The cross-linking of the extracellular domain of Fcγ receptors on phagocytic cells results in the transduction of signals, leading to the activation of tyrosine kinases (Ravetch, 1994; Daeron, 1997) . Immediately following FcγR aggregation with antibody, or following receptor clustering mediated through the binding of particulate ligands, tyrosine residues within the TAM become phosphorylated (Duchemin et al., 1994) .
Phosphorylation of TAM is associated with the activation of several sets of cytoplasmic protein kinases. Phagocytosis of either IgG-coated particles or enterpathogenic Escherichia coli has been shown to be accompanied by enhanced protein kinase phosphorylation (Greenberg et al., 1994) . In addition, tyrosine kinase inhibitors inhibit phagocytosis of IgG-coated particles and Salmonella (Greenberg et al., 1993) . First, a set of kinases that are members of the Src family of non-receptor tyrosine kinases becomes activated (Daeron, 1997) and tyrosine kinase p72 syk , subsequently. Its activation leads to both phagocytosis and actin polymerization, suggesting that it may play a role in coupling phagocytosis-promoting receptors to the cytoskeleton (Greenberg et al., 1993; Phatak and Packman, 1994) .
Aside from protein tyrosine phosphorylation, Fcγ receptors trigger additional transmembrane signals, including activation of protein kinase C (PKC), protein The stimulus to ingest a latex particle elicits a segmental response localized to the test particle, and RBC remain attached to the plasma membrane, but are not incorporated. Observations favour the latter mechanism. [Adapted from Griffin and Silverstein (1974) by copyright permission of The Rockefeller University Press.] kinase A, casein kinase II and a serine/threonine kinase (Kapeller and Cantley, 1994) . FcγR aggregation has been shown to be associated with enhanced phosphatidylinositol (PI) 3-kinase activity and also leads to the release of arachidonic acid, suggesting activation of phospholipase A 2. That this may be important in phagocytosis is suggested by evidence that a variety of phospholipase A 2 inhibitors depress phagocytosis by human monocytes, which is partially restored by exogenous arachidonic acid (Lennarz and Brown, 1991) .
Phagocytosis mediated by the complement receptor CR3 has features in common with phagocytosis mediated by TAM containing FcγR, such as assembly of F-actin and activation of both PI 3-kinase and PKC (Della Bianca et al., 1990) . However, as noted previously, complement-mediated phagocytosis differs from TAM-mediated phagocytosis in that FcγR-mediated phagocytosis occurs constitutively, whereas CR3-mediated phagocytosis occurs only in cells activated by inflammatory mediators or extracellular matrix proteins (Brown, 1991) .
Phagocytosis by 'non-professional phagocytes'
While phagocytosis in mammals is usually performed by neutrophils, monocytes and macrophages-referred to as Griffen et al. (1975) by copyright permission of The Rockefeller University Press.] professional phagocytes-epithelial cells, fibroblasts and other cells can also take up particles in vivo and in culture. Phagocytosis of pathogens can be achieved by these 'nonprofessional phagocytes' through mechanisms similar to those used by professional phagocytes (Rabinovitch, 1995) . Yersinia enterocolitica and Yersinia pseudotuberulosis are enteropathogens that infect Peyer's patches and cause gastroenteritis and mesenteric lymphadenitis. Following their attachment to the cell surface, the entry of enteropathogenic Yersinia into cultured mammalian cells involves a process morphologically similar to internalization of complement-coated particles by phagocytes, and these organisms reside in membrane-bound phagosomes (Bliska et al., 1993) .
The bacterial protein invasin mediates the entry of Yersinia into cultured cells. Invasin is a 986-amino acid membrane protein that binds to five different members of the β 1 integrin family (Isberg, 1991; Falkow et al., 1992) . E.coli transfected with the gene for invasin and latex beads coated with purified invasin derivatives are both internalized by cultured mammalian cells in a similar manner to Yersinia (Griffen and Silverberg, 1974) . Cytochalasin D, a blocker of actin polymerization, inhibits this invasin-promoted uptake, indicating the need for an intact cytoskeleton (Finley and Fallow, 1988; Bliska et al., 1993) . These observations are consistent with the finding that the receptors for invasin are members of the integrin family of cell adhesion molecules, which are known to play roles in signal transduction (see below). In addition, the tripeptide sequence Arg-GlyAsp (RGD), which is a well-characterized competitive inhibitor of integrin receptor binding to fibronectin, has been shown to inhibit binding to invasin (Isberg and Tran Van Nhieu, 1995) .
Attachment and entry of coxsackie virus A9 to GMK cells is also dependent on an RGD sequence in the viral capsid protein. Antibodies specific for the α v and/or β 3 integrin subunits protect GMK cells from A9 infection (Roivanen et al., 1994) . Human adenovirus type 2 enters host cells by receptor-mediated endocytosis, an event mediated by the virus penton base binding to cell surface integrins α v β 3 and α v β 5 via an RGD amino acid sequence. Membrane permeabilization appears to be mediated through the α v β 5 integrin (Nemerow et al., 1994) .
The integrins and their ligands
Integrins are a family of cell surface glycoprotein receptors that act as co-receptors in many cell-cell interactions. Cells vary their adhesive properties by changing the integrins expressed on their surface (Diamond and Springer, 1994) . A second major property of integrins is their role in signal transduction (Hynes, 1992) . All integrins are glycoprotein heterodimers. Both subunits of integrins are transmembrane proteins, each containing a single hydrophobic transmembrane segment. Integrin-mediated signalling pathways identified include the regulation of a Na + /H + antiporter (Schwartz et al., 1991) , Ca 2+ influx (Schwartz et al., 1994) , stimulation of inositol lipid synthesis (McNamee et al., 1993) and protein tyrosine phosphorylation of a group of cytoplasmic proteins of 100-130 kDA (Kornberg et al., 1992) .
Individual integrins can often bind to more than one ligand. The first binding site to be defined was the RGD sequence present in fibronectin, vitronectin and osteopontin (Ruoslahti and Peirschbacher, 1986) . While approxi-mately half of the integrin receptors recognize RGD within their ligands, other integrins recognize different amino acid sequences. Divalent cations also play a role in the adhesiveness of integrins. Cells can vary their adhesive properties by selective expression of integrins and by modulating the binding properties of integrins through conformational changes in the receptor. The numbers of available integrins on the cell surface can also be increased (Miller et al., 1987) .
Integrins appear to transduce signals after receptor clustering. Integrin-mediated adhesion of cells to fibronectin and cross-linking of integrins triggers a rise in intracellular calcium in endothelial cells, due to influx of extracellular calcium. This process appears to be mediated by the α v subunit, in association with a putative calcium transporter (DiFilippi et al., 1994) . Recent evidence points to a direct link between receptor occupancy by extracellular ligands, clustering of integrins and reorganization of cytoskeletal proteins into submembranous aggregates. Integrin receptors induce distinct cellular responses to binding of ligand, to aggregation, or to a combination of the two (Miyamoto et al., 1995 (Miyamoto et al., , 1996 , which appears to be mediated by a direct link between the β 1 integrin tail and the cytoskeleton.
Evidence that the mammalian oocyte is a phagocytic cell
Following ultrastructural studies of the in-vitro interaction of human spermatozoa with zona-free human oocytes, Soupart and Strong (1975) noted that acrosome-intact or acrosome-reacted spermatozoa penetrated the egg with equal frequencies. On the basis of this observation, they hypothesized that an acrosome reaction was not a necessary prerequisite for fertilization in humans. Subsequent studies by Sathananthan and Chen (1986) , however, have demonstrated that the acrosome reaction is a necessary prerequisite for human fertilization. Indeed, the mechanisms of sperm incorporation, from a morphological viewpoint, are conserved between mammalian species. Only acrosome-reacted spermatozoa are capable of penetrating the zona pellucida, and fusing with the oolemma, although acrosome-intact spermatozoa can adhere to the oolemma of zona-free eggs of some species. In retrospect, it appears that the acrosome-intact spermatozoa observed by Soupart and Strong within the oocyte entered the egg by a phagocytic process rather than through the physiological mechanism leading to successful fertilization. have demonstrated the phagocytosis of spermatozoa by 2-cell fertilized mouse eggs. More recently, the phagocytosis of supernumerary spermatozoa injected into the perivitelline space of mouse eggs has been observed (Klemm and Engel, 1991) . Koehler et al. (1987 Koehler et al. ( , 1991 have also documented that hamster eggs are capable of phagocytizing yeast.
Evidence that gamete receptors and ligands play a role in spermatozoa-egg interaction at the level of the oolemma
We have found that functional oolemmal receptors for IgGFc (FcγR) are present on mammalian eggs. The adherence of human spermatozoa labelled with antisperm antibodies, present in the sera of infertile men and women, to the oolemma of zona-free hamster eggs is increased when compared with that of antibody-free spermatozoa from the same ejaculate (Bronson et al., 1989) . Ultrastructural observations by SEM of human spermatozoa adherent to the oolemma of zona-free hamster eggs revealed that the morphology of incorporation of antibody-labelled spermatozoa was similar to that of unlabelled spermatozoa (Bronson et al., 1990a) . Kinetic studies of gamete interactions under these conditions indicated that antisperm antibodies promoted sperm entry of zona-free hamster eggs solely through their promotion of spermatozoa-egg adhesion.
These observations that antisperm antibodies may promote polyspermic fertilization, through their enhancement of spermatozoon-oolemma binding, led us to postulate that mammalian eggs possessed specific receptors for immunoglobulin molecules and to probe the egg surface for the presence of Fcγ receptors. Both ovulated zona-free hamster eggs and human preovulatory oocytes obtained from follicular aspirates specifically bind human and murine IgGFc fragments (Bronson et al., 1990b) . Fab preparations of monoclonal antibodies directed against Fcγ I, II and III receptors were shown to bind specifically to these eggs, providing preliminary evidence for the presence of these receptors . In addition, the preincubation of zona-free hamster eggs with human IgG-Fc, to occupy oolemmal Fcγ receptors, has been shown (Table I) to abrogate the promotion of spermatozoon-oolemma binding by antibody-labelled spermatozoa (Bronson and Fusi, 1994) . These preliminary observations suggesting that spermatozoa-egg adhesion could be receptor-mediated, albeit in a pathological system, led us to explore the possibility that other physiological receptor-ligand interactions could play a role in gamete adhesion. a Zona-free hamster eggs were pre-incubated with purified human IgG-Fc fragments, to block oolemmal Fcγ receptors. Four to six eggs at each IgG-Fc concentration were inseminated in parallel with antibody-labelled or antibody-free capacitated human spermatozoa and numbers of oolemmal-adherent spermatozoa enumerated after 3 h gamete co-incubation. A decrease in the binding of antibody-labelled spermatozoa to the oolemma was observed in the presence of increasing concentrations of IgG-Fc.
Oolemmal integrins and their ligands on spermatozoa also appear to play a role in sperm adherence to the oocyte. We have demonstrated that oligopeptides containing the RGD integrin binding sequence inhibit the binding of human and hamster spermatozoa to zona-free hamster eggs (Bronson and Fusi, 1990) . This inhibition was concentration-dependent and occurred at a range (30-100 µM) which had been shown to inhibit the binding of fibroblasts to vitronectin-and fibronectin-coated microwells. When several different RGD-containing oligopeptides were compared, they varied in their ability to inhibit spermatozoon-oolemma binding, suggesting the stereospecificity of a receptor. The presence of active RGD recognition sites has been documented on these eggs by studying the specific oolemmal rosetting of immunobeads coated with Peptite 2000, a synthetic RGD-containing oligopeptide (Fusi et al., 1993) . This rosetting could be inhibited by RGDcontaining proteins, but not by a peptide that did not contain RGD. Recently, adhesion of human spermatozoa to zona-free human eggs has been shown to be inhibited by a cyclized RGD-containing peptide known to block fibronectin-and vitronectin-binding integrins (R. Bronson et al., manuscript submitted) . Spermatozoa-egg adherence and penetration was also blocked by an oligopeptide derived from the beta-chain of fertilin, a sperm-associated heterodimer glycoprotein that has also been implicated as a ligand for an oolemmal integrin (Wolfsberg et al., 1995) .
The presence of integrins on mammalian eggs has been documented in several species, including humans. Using dot-blot analysis, we have shown the presence of α v β 3 and α 5 β 1 integrins in lysates of hamster eggs (Fusi et al., 1993) .
We have detected α 2 , α 5 , α 6 , α v , β 1 and β 3 integrin chains on the oolemma of human eggs through the use of a rosetting technique in which anti-integrin monoclonal antibodies were coupled to immunofluorescent Covaspheres (Fusi et al., , 1993 . These results suggest that integrin receptors that recognize fibronectin (α 5 β 1 ) and vitronectin (α v β 3 ) are present on the human egg surface, and fibronectin and vitronectin have both been extracted from human spermatozoa (see below). The integrins α 6 β 1 and α v β 3 have also been detected on unfertilized mouse eggs by indirect immunofluorescence, and mRNA encoding the integrin subunits α 5 , α 6 , α v , β 1 and β 5 has been detected by polymerase chain reaction (PCR) (Tarone et al., 1993; Almeida et al., 1995; Evans et al., 1995) .
The role played by the cytoskeleton in the early events of fertilization in mouse have been investigated by Maro et al. (1984) . They presented evidence that cytochalasin D, an inhibitor of actin polymerization, did not prevent sperm incorporation into mouse eggs, while inhibiting pronuclear movement and second polar body release. This observation suggested that actin did not play a role in the spermatozoon's incorporation by the egg. Recent observations in a subhuman primate (Tengowski and Schatten et al., 1997, personal communication) , however, using a high-resolution, low-voltage SEM with monospecific probes, indicate that primate oocytes extend microvilli, which are sensitive to cytochalasins during the process of sperm incorporation. These microfilament-containing projections are involved in the engulfment of both the proximal and distal regions of the sperm head. Furthermore, microfilaments appear essential for the full incorporation of the sperm tail. Such observations suggest that the adhesion of spermatozoa to the egg surface occurs through the mediation of oolemmal integrins and that subsequent receptor occupancy leads to alterations in the actin cytoskeleton of the cortical ooplasm that promote sperm entry into the egg. Bronson et al. (1990b Bronson et al. ( , 1992 ; Ravetch (1994) ; Daeron (1997) Complement receptors CR-1, CR-3 + ? Anderson et al. (1993); Fenichel et al. (1995); Brown (1991) C1q-R + ? R. Bronson et al. (manuscript submitted) ; Ghebrehiwet and Peerschke (1993) ; Malhotra et al. (1993); Ghebrehiwet et al. (1994) Complement components C3b + + Anderson et al. (1993) ; Rooney et al. (1993); Fearon (1984) ; Ross and Medof (1985) C1q + + Fusi et al. (1991) ; R. Bronson et al. (manuscript submitted); Cooper (1985) ; Guan et al. (1991) Complement regulatory proteins CD46 + - Anderson et al. (1989 Anderson et al. ( , 1993 Cervoni et al. (1993a,b) ; Taylor et al. (1994) CD55,59 Fenichel et al. (1994 Fenichel et al. ( , 1995 Integrins Bronson and Fusi (1990c) Fusi et al. (1992a Fusi et al. ( ,1993 Fusi et al. ( , 1996a ; Tarone et al. (1993) ; Almeida et al. (1995) ; Evans et al. (1995) ; Diamond and Springer (1994) ; Hynes (1992) ; Miyamoto et al. (1995 Miyamoto et al. ( ,1996 Integrin ligands Vuento et al. (1984) ; Glander et al. (1987) ; Miranda and Tezon (1992) ; Fusi et al. (1992a) ; Ruoslahti and Peirschbacher (1986) Vitronectin + + Fusi et al. (1994 Fusi et al. ( , 1996b ; Bronson and Preissner (1997) ; Nuovo et al. (1996); Preissner (1981) Fertilin +? Wolfsberg et al. (1995) a Lists citations of studies of gametes as well as major reviews.
The presence of adhesion molecules on spermatozoa that could play a role in gamete binding and sperm incorporation
Fibronectin as well as vitronectin have been extracted from human ejaculated spermatozoa (Fusi and Bronson, 1992b; Fusi et al., 1994) . These adhesion proteins can act as ligands for oolemmal integrins and have also been shown to play a role in promoting phagocytosis of target particles (Preissner, 1981; Bohnsack et al., 1986; Sorvillo et al., 1986) . Fibronectin has been detected on the equatorial segment of fixed ejaculated human spermatozoa (Vuento et al., 1984; Glander et al., 1987) , and Miranda and Tezon (1992) have documented that the human epididymis secretes fibronectin, which is acquired by spermatozoa during their epididymal passage. In contrast to fibronectin, vitronectin appears to be an intrinsic protein of spermatozoa, synthesized during spermatogenesis. Vitronectin is a conformationally labile, multifunctional glycoprotein that plays roles in cell adhesion, in haemostasis, in the regulation of complement activity (Preissner, 1981) , and in pericellular hydrolysis (Brunner and Preissner, 1994) . It possesses an RGD binding domain through which it acts as a ligand for certain integrins (α v -containing), as well as a cryptic heparin binding site. The liver is the major organ of production and secretion of circulating vitronectin, although low mRNA levels have also been demonstrated in other tissues (Seiffert et al., 1994) . Vitronectin has been localized by indirect immunofluorescence and immunoperoxidase staining to the acrosomal cap region of acetone-fixed spermatozoa and is released during a calcium ionophore-induced acrosome reaction. Vitronectin message has been detected in whole-testis poly-(A+) mRNA by Northern analysis and localized within spermatocytes of the human testis (Nuovo et al., 1996) . We have estimated the vitronectin content of human spermatozoa, by semi-quantitative Western blots, which ranges from 1 to 15 ng per 10 6 spermatozoa (Bronson and Preissner, 1997) . The addition of exogenous vitronectin to medium has also been shown to promote the adherence of human sper-matozoa to zona-free hamster eggs, and this process is calcium-dependent (Fusi et al., 1996a) .
Spermatozoon-oolemma adherence is promoted by the addition of exogenous vitronectin, over a range of 2 nM to 0.1 µM, to the culture medium. Spermatozoa incubated in a strontium-containing, calcium-free medium (which promotes capacitation but not the acrosome reaction) did not exhibit a promotion of oolemmal binding in the presence of vitronectin, but did so on the addition of calcium and the calcium ionophore A23287. Under these conditions, vitronectin was also shown to promote head-to-head sperm agglutination (Fusi et al., 1996a) . These observations are consistent with our finding (Fusi et al., 1996b) that the proportion of human spermatozoa that express the vitronectin receptor α v β 3 , as determined by flow cytometry, increases following induction of the acrosome reaction, in parallel with the expression of CD46 by spermatozoa (see below).
There is also increasing evidence that components of the complement system, which classically play a role in phagocytosis, could also be involved in gamete interactions (Rooney et al., 1993) . The complement receptors C1qR (Fusi et al., 1991) and CR1 and CR3 (Anderson et al., 1993) have been detected on human eggs by indirect immunofluorescence, although this latter observation could not be confirmed by Fenichel et al. (1995) . Several complement regulatory proteins (Liszewski et al., 1991) , including CD46 (membrane cofactor protein), CD56 (decay accelerating factor) and CD59 (protectin) have been detected on spermatozoa (Anderson et al., 1989; Cervoni et al, 1993a,b; Fenichel et al., 1994) . CD55 and CD59 are present on the plasma membrane of spermatozoa and could play a role in protecting spermatozoa from complementmediated damage within the female reproductive tract (Rooney et al., 1993) . In contrast, CD46 is present on the inner acrosomal membrane, but not the spermatozoon plasma membrane, and appears to be expressed following the acrosome reaction (Anderson et al., 1993; Cervoni et al., 1993a,b; Taylor et al., 1994) . It has been proposed that the complement component C3b could act as a bridge between acrosome-reacted spermatozoa (binding to CD46) and the oolemma (binding to CR3), in this manner playing a role in sperm adhesion (Anderson et al., 1993) .
We have obtained evidence that the complement protein C1q also plays a role in gamete interaction (Fusi et al., 1991) . The addition of C1q during gamete co-incubation promoted the adherence of human spermatozoa to the oolemma of zona-free hamster eggs, but inhibited their penetration. The addition of C1q to the medium also resulted in sperm agglutination, the extent of which varied between sperm donors. Using anti-C1q-R monoclonal antibodies, C1q receptors have been detected on zona-free hamster eggs by immunobead rosetting and on human spermatozoa by indirect immunofluorescence. The specific binding of C1q to human spermatozoa was also demonstrated using radiolabelled C1q. SDS-PAGE showed bands of radioactivity at approximately 53 and 48 kDA obtained by extraction of C1q from human spermatozoa, when they were incubated with 125 I-labelled C1q. We have also demonstrated the presence of both gC1q-R and cC1q-R in extracts of human spermatozoa by one-dimensional PAGE and Western blotting (Bronson et al., 1998) . Consistent with this observation, the addition of C1q to capacitated human spermatozoa promotes their head-to-head agglutination. We have shown recently that C1q is present within human follicular fluid, at the time of oocyte retrieval for in-vitro fertilization, at concentrations similar to that in serum. In contrast, no C1q was present within seminal fluid, as detected by ELISA (R.A.Bronson, W.Zhoa and B.Ghebrehiwet, unpublished observations).
Recent evidence also suggests that vitronectin may serve as a ligand for gC1q-R, the C1q receptor for the globular portion of C1q. gC1q-R has been cloned and expressed in E.coli, and recombinant receptor immobilized on microspheres has been used to search for additional binding proteins unrelated to C1q. Specific binding of heparin-binding, multimeric vitronectin but not the plasma form of vitronectin to C1q-R has been demonstrated (Lim et al., 1996) . Both C1q and vitronectin appear to interact with different parts of the receptor, since a truncated version of gC1q-R lacking the N-terminal 22-amino acid portion hardly interacted with vitronectin but bound C1q equally well. This finding raises the possibility that these receptors might play a role in vitronectin-mediated gamete adhesion.
A multiple receptor model of mammalian fertilization
These cumulative observations have led us to propose a model in which a diverse group of gamete receptors, including FcγR, integrins and complement receptors, might play a role in binding of the spermatozoon to the oolemma and subsequently participate in signal transduction to cytoskeletal elements within the cortical ooplasm, that promote sperm entry into the oocyte (Bronson and Fusi, 1996) . The receptors identified are known to play roles both in phagocytosis and in the entrance of bacteria into 'non-professional' phagocytes (Table II) . It is possible that the immune system may also play a role in the clearance of senescent spermatozoa, that may be selectively opsonized within the female reproductive tract. There is evidence for this hypothesis, in that naturally occurring antibodies reac-tive with spermatozoa have been detected in the serum of unimmunized guinea pigs and rabbits (Johnson, 1968; Padma, 1972) , and Vogelpoel et al. (1987) have shown that non-viable but not living human spermatozoa bind complement. Given the presence of phagocytosis-promoting receptors on eggs, as well as the ultrastructural appearance of sperm entry of the oocyte, it is not unreasonable to propose that phagocytic mechanisms occur during the normal process of fertilization. Springer (1994) has suggested a model in which specific leukocyte receptors, each members of a larger family, serve a specific function in mediating the adherence of circulating white blood cells to endothelium and their diapedesis. Although we have not proven that similar receptors and their ligands, which have been shown to exist on gametes, serve similar functions as on those on macrophages, this is a useful working hypothesis that deserves further experimentation.
